Status epilepticus and refractory status epilepticus represent some of the most complex conditions encountered in the neurological intensive care unit. Challenges in management are common as treatment options become limited and prolonged hospital courses are accompanied by complications and worsening patient outcomes. Antiepileptic drug treatments have become increasingly complex. Rational polytherapy should consider the pharmacodynamics and kinetics of medications. When seizures cannot be controlled with medical therapy, alternative treatments, including early surgical evaluation can be considered; however, evidence is limited. This review provides a brief overview of status epilepticus, and a recent update on the management of refractory status epilepticus based on evidence from the literature, evidence-based guidelines, and experiences at our institution.
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2) Definitions
Early definitions of SE described seizures persisting "for a sufficient length of time or is repeated frequently enough to produce a fixed or enduring epileptic condition [4] ." A more practical definition was introduced in 1993 as a "seizure lasting more than 30 minutes or occurrence of two or more seizures without recovery of consciousness in between [5] ." This somewhat arbitrary timeframe was based on animal models suggesting irreversible neuronal injury with prolonged seizure [6] . Conceptually, SE describes "a condition resulting either from the failure of the mechanisms responsible for seizure termination or from the initiation of mechanisms which lead to abnormally prolonged seizures," as proposed by the International League Against Epilepsy Task Force on Classification of Status Epilepticus [7] . A pragmatic definition of SE as a seizure "≥5 minutes or two or more discreet seizures between which there is incomplete recovery of consciousness" was proposed by Lowenstein and Alldredge [8] , and has largely been adopted by clinicians and clinical researchers. Based on the pathophysiology of SE described later, this definition is most useful and is endorsed by the Neurocritical Care Society (NCCS) Status Epilepticus Guideline Writing Committee [9] . SE fails to respond to standard medications in 31% to 43% of cases [10, 11] . Although there is no consensus definition of RSE, it typically describes SE refractory to early benzodiazepines and one additional first-line antiseizure medication. If seizures cannot be terminated with the use of an intravenous (IV) anesthetic in addition to benzodiazepines and standard anticonvulsants, the condition is termed SRSE. Relatively uncommon, up to 15% of SE cases become super-refractory [12] , accounting for 4% of seizure-related hospital discharges [13] . As RSE and SRSE are commonly treated with therapeutic coma, signs of seizure become clinically absent. When electrographic seizures are not accompanied by corresponding motor movements, or by subtle motor signs, the term nonconvulsive SE (NCSE) is used. New-onset RSE (NORSE) describes RSE in previously healthy individuals where no cause of SE is immediately apparent [14] .
Causes and Pathophysiology

1) Causes
SE and RSE most often occur in patients with known epilepsy. Up to 34% of SE cases are attributed to low anticonvulsant drug levels [10, 15] , due to suboptimal dosing, medication non-compliance, or recent medication change. In those without epilepsy, etiology varies significantly by age. In adults, other leading causes of SE include stroke, toxic-metabolic encephalopathy, and hypoxic-ischemic injury, while tumor and meningoencephalitis account for only 4% to 5% of RSE cases [10] .
In comparison, central nervous system (CNS) infection is the leading cause of SE in children, with trauma and anoxic injury as other major etiologies [16, 17] .
Regardless of age, seizure etiology is not found in a large portion of patients. An analysis of 130 cases of NORSE by Gaspard et al. [14] determined that despite exhaustive search, 52% remained cryptogenic. In such cases, patients are commonly treated for presumed infectious, autoimmune or paraneoplastic encephalitis; however, an infectious agent is rarely found [18] . Similarly, neuropathologic study with biopsy or autopsy is often inconclusive [19] [20] [21] [22] .
2) Pathophysiology
(1) Biochemical phases of SE Seizures result from disruptions in the normal balance of excitatory and inhibitory processes. Hypersynchronous neuronal firing, the physiologic hallmark of seizure, is mediated predominantly by glutamate excitation and voltage-gated sodium and calcium channels. Seizure termination is largely dependent on the inhibitory effects of gamma-aminobutyric acid (GABA)-receptor activation and voltage-gated potassium channels [23] . After initiation, failure of intrinsic mechanisms or disruption of inhibition from extrinsic factors will lead to prolonged seizure activity. The maintenance phase of SE is characterized by synaptic internalization of GABA receptors and expression of excitatory N-methyl-D-aspartate (NMDA) and alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors, resulting in self-sustaining seizures refractory to conventional antiepileptic drugs (AEDs) [24] . In animal models, the potency of benzodiazepines decrease 20-fold within 30 minutes of SE, while phenytoin loses effectiveness to a lesser degree [25] . Observations in humans suggest that a refractory state is reached much faster. In a video electroencephalogram (EEG) study of 120 generalized convulsive seizures, the mean seizure duration was 62 seconds with no events lasting >2 minutes [26] . In clinical practice, seizures are less likely to terminate spontaneously after this period, leading to Lowenstein and Alldredge [8] proposing SE be defined as continuous seizure for ≥5 minutes. In the minutes-to-hours that follow, SE is maintained by increased expression of proconvulsive neuropeptides and decrease in inhibitory ones [27] [28] [29] [30] .
Less is known about the biochemical changes associated with RSE and SRSE. In the range of hours-to-weeks, long-term changes in gene expression may occur secondary to recurrent seizure activity and neuronal injury, resulting in neural reorganization [24] .
(2) Neuronal injury and death
Neuronal loss in SE was described in early foundational work in primate models by Meldrum and Horton [6] and Meldrum et al. [31] . Cell death occurs even in the absence of hypoxia, acidosis, hypoglycemia and other confounding factors [32] [33] [34] , and may be mediated by 'programmed necrosis' and apoptosis [35, 36] . In humans, serum neuron-specific enolase, a biomarker for neural injury, has been shown to be elevated in SE [37, 38] , while autopsy studies demonstrate decreased hippocampal neuron density postmortem [39] .
To what extent similar pathologic changes occur in NCSE as compared to convulsive SE (CSE) is unclear.
Early observational studies by Engel et al. [40] suggested long-standing neurocognitive changes following NCSE.
Serum neuron-specific enolase has also been shown to be elevated [37, 41, 42] ; however, it is difficult to determine whether NCSE directly causes neuronal injury, or if seizures reflect brain damage from other causes. NCSE also represents a heterogenous syndrome, with potential for neuronal injury dependent on the seizure type and etiology. Absence SE and NCSE in patients with underlying chronic epilepsy may be less prone to injury [43, 44] , while complex partial SE is most associated with pathologic changes [40] [41] [42] .
(3) Physiologic phases of SE
Patients with CSE progress through physiologic stages [45] . In the early compensated phase, convulsions are accompanied by significant sympathetic activation. During this stage, hypertension, increased cardiac output, and increased cerebral blood flow is seen, and serum markers of hypermetabolism such as lactic acid and glucose will be elevated [46] . After prolonged seizure activity (>30 minutes), pathophysiologic decompensation occurs. This is characterized by cerebral dysautoregulation, cardiovascular dysfunction, and signs of systemic metabolic crisis: hypoxia, hypoglycemia, and acidosis. Failure to prevent profound physiologic disturbances may exacerbate secondary brain injury associated with RSE.
Diagnosis
1) Clinical findings
Differentiating seizure from mimics by clinical exam alone can be difficult. In hospitalized patients with encephalopathy out of proportion to known laboratory and imaging findings, non-convulsive seizures can be detected by continuous EEG (cEEG) in up to 18% [47] . Nonspecific motor movements, including posturing, rigidity, shivering, tremor, myoclonus, and spontaneous gaze deviation, can be misinterpreted as seizure. Facial twitching is associated with a higher incidence of electrographic seizures compared to other subtle signs [48] .
2) The use of EEG
Because of the limitations of clinical exam in diagnosing seizures, EEG confirmation is necessary in many ill, where seizure complicates the ICU stay of 8% to 10% of patients [49, 50] . In the neuro-ICU, the incidence of seizure can exceed 30%, with NCSE occurring in up to 13% [51, 52] . Eight percent of those with coma without obvious seizure activity have NCSE on cEEG [53] .
In response, the use of cEEG has expanded. Indications for extended monitoring and the optimal study duration is unknown; however, early EEG findings can predict final diagnosis. The majority of seizures occur within the first 30 minutes of recording [54] . In this timeframe, generalized slowing is poorly predictive of seizure while lateralized periodic discharges has the strongest association [55] .
In the absence of epileptiform discharges within the first 4 hours of EEG, seizures are unlikely to be found [56] .
Conventional Management of RSE
Effective management of SE and RSE occurs in three phases: seizure termination, prevention of SE recurrence, and minimization of complications. This is a dynamic process, where complications occur during all clinical stages and treatment plans should be adapted for seizure recurrence and new diagnostic findings. An initial treatment strategy simultaneously addresses airway, breathing and circulation while intervening quickly to abort seizure activity within 5 minutes of onset [9] . First-line conventional AEDs are selected for their broad spectrum of activity and their ability to be given safely as an IV loading dose in attempts to abort SE and reach therapeutic levels rapidly (Table 1) .
1) Seizure termination in SE
Historically, phenytoin has been the initial stage II AED given after benzodiazepines, terminating overt seizure in 44% in the Veterans Affairs Cooperative Study [58] .
Many clinical concerns may limit its use. Phenytoin is not considered sedating; however, hypotension and cardiac arrhythmia can occur with bolus doses [60] . Other acute complications include 'purple glove syndrome' and metabolic acidosis, while long-term side effects including teratogenicity and coarsening of facial features make it nonideal for chronic therapy. Phenytoin is also limited by its narrow therapeutic range. Additionally, bioavailability is influenced by factors common to ICU patients: drug-drug interactions, renal insufficiency, and hypoalbuminemia.
For many neurointensivists, levetiracetam has been explored as a stage I and II AED in SE. Preferred pharmacologic properties include its high bioavailability and few drug-drug interactions owing to low plasma protein binding and minimal hepatic metabolism [61] . Unfortunately, data for levetiracetam as an emergent treatment is limited. In a pilot study involving traditional AEDs, levetiracetam demonstrated equal efficacy in aborting overt seizure compared to lorazepam [62] , and in a recent meta-analysis, showed similar activity in benzodiazepineresistant SE (68.5% relative effectiveness) compared to phenytoin (50.2%), phenobarbital (73.6%), and valproic acid (75.7%) [63] . The drug is well tolerated, ideal in critically ill patients on multiple medications, and for longterm therapy in those who remain at risk for seizures after hospital discharge. [12, 64] . Anesthetic drugs used are outlined in Table 2 .
Whether propofol or midazolam are used first largely depends on provider preference. Propofol, a GABA agonist and NMDA-receptor antagonist, is often preferred because its highly lipophilic properties with large volume itself is associated with hypotension in 40% of patients and may exhibit either tachyphylaxis or drug accumulation resulting in prolonged sedation [65, 66] . Adequate EEG suppression may be difficult to achieve with a single anesthetic agent.
Because of its side effect profile, pentobarbital is typically reserved for cases of SRSE refractory to combined propofol and midazolam. Pentobarbital infusion can result in profound hypotension, cardiorespiratory depression, metabolic acidosis, and immunosuppression [67, 68] , which may outweigh any potential benefit of the drug. In a systematic review of outcomes in RSE and SRSE, barbiturate infusion achieved seizure control in 64%, but was associated with prolonged mechanical ventilation and increased mortality [12] . Whether poorer outcomes are due to the therapy and its complications, or a result of SRSE being associated with more severe illness is unclear.
2) Goals of EEG suppression
Continuous EEG is fundamental to RSE management, and by AES guidelines, is recommended initially for all patients requiring anesthetics [57] . Because prolonged seizure is associated with electromechanical dissociation, where electrographic seizure no longer manifests overt clinical signs, successful termination is determined by EEG suppression. In SRSE, 'burst suppression' is typically maintained for an extended period; however, there is little evidence for efficacy of this practice, including the optimal level and duration of suppression. In a retrospective review by Krishnamurthy and Drislane [69] of 35 patients treated with pentobarbital infusion, "slow," "burstsuppression" and "flat" EEG patterns were not strongly associated with the rate of seizure relapse. Similarly, a retrospective study by Rossetti et al. [70] suggested that outcome after RSE was independent of the extent of EEG suppression achieved. Meta-analysis of 193 RSE patients support these conclusions: despite EEG background suppression being associated with fewer breakthrough seizures compared to seizure suppression alone (4% and 53%, respectively), the study found no difference in withdrawal seizures after AED weaning, or in mortality [64] .
In the absence of high quality evidence, it is reasonable to titrate anesthetic agents to termination of ictal activity. If accomplished by reaching a diffusely slow EEG pattern, further suppression may not be needed. In the presence of persistent seizure or continuous epileptiform discharges, it is reasonable to consider suppression to one burst of EEG activity (<2 seconds duration) every 10-20 seconds, and to continue that depth for 12-48 hours before initiating an anesthetic wean.
An Update on Management Strategies for SRSE
After seizure termination, general anesthetics do not ensure freedom from relapse. Up to 15% of SE cases become SRSE [12] , typically diagnosed with recurrence of ictal activity when anesthetic drugs are titrated down. With little high-quality data to guide therapy, and high complication rates, the management of SRSE can be challenging. The remainder of this review will provide a recent update on practice recommendations, based on expert opinion, limited data, and experiences at our institution. With the lack of compelling evidence, the NCCS offers only weak recommendations for SRSE management, while it is the beyond the scope of most recent AES guidelines [9, 57] .
1) Optimizing scheduled antiepileptic drugs
Appropriate management of multiple AEDs requires basic knowledge of drug mechanisms and pharmacokinetics. Drug properties to consider when choosing an agent include its formulation, speed of CNS penetration, protein binding, volume of distribution, presence of autoinduction, drug-drug interactions, half-life, and elimination kinetics [71] . Table 1 .
In general, AEDs fall in to two broad categories: enzyme-inducers and enzyme-inhibitors. Table 3 by up to 50%-75% [75] . Free phenytoin, the active component of phenytoin, also increases with displacement from protein binding sites by valproate [76] . Increases in serum drug concentrations can result in toxicities at doses lower than expected. Carbamazepine, a second-line agent in SRSE, demonstrates auto-induction, where higher doses can result in increased drug metabolism [71] .
(3) AED mechanism of action
In polytherapy, the most effective regiments consider the pharmacokinetic properties and mechanisms of drug actions (MOAs). There is no proven benefit of one AED MOA compared to another in the treatment of SRSE.
Similarly, no large study has investigated the efficacy of combining AEDs of different MOAs; however, this strategy is rationale, with early research suggesting polytherapy can be more effective and less toxic than monotherapy [77] . Use of consecutive AEDs with different MOAs is increasingly being employed in RSE protocols [78] , and is common practice at our institution. 
2) Developments in antiepileptic drug therapy for RSE
The development new AEDs for the treatment of SE has focused on optimizing drug pharmacodynamics and kinetics. Innovations in finding new molecular targets and advances in drug delivery systems has been promising.
(1) New and investigational antiepileptic drugs
Brivaracetam
Brivaracetam has received 2016 approval in the United
States and Europe for adjunctive therapy for partial seizures with potential application to the treatment of SE. It is a novel synaptic vesicle protein 2A (SV2A) ligand that has 10-to 20-fold higher affinity for its target compared to levetiracetam [80] , with faster CNS entry and onset of activity [81] . In experimental models, brivaracetam has shown potent anticonvulsant properties, acting synergistically with ketamine and benzodiazepines in SE [77, 82] .
Further clinical experience with this new AED are needed, including trials investigating its efficacy in SE and RSE. 
Medications commonly have a predominant mechanism of action, but may show anti-seizure activity by other secondary mechanisms. GABA: gamma-aminobutyric acid; CA: carbonic anhydrase; SV2A: synaptic vesicle protein 2A; CRMP2: collapsing-response mediator protein 2; AMPA: alpha-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid.
Allopregnanolone
Allopregnanolone is a neurosteroid that modulates GA-BA-A receptors at both synaptic and extrasynaptic sites, increasing tonic neuronal inhibition [83] . Its efficacy in treating SRSE has been demonstrated in human case studies, allowing for successful weaning off anesthetics in both adults and children [84, 85] . Given these results and the limited available therapies in SRSE, allopregnanolone is currently being studied in an international randomized, placebo-controlled phase III trial [86] .
Other drugs under investigation
Several other drugs have shown efficacy in animal models of SE, but are not yet widely available for human use. Valproic acid analogs, valnoctamide and sec-Butylpropylacetamide demonstrate broad spectrum anti-seizure activity and ability to terminate SE [87, 88] . Carisbamate also shows broad spectrum of activity in seizure models
by a yet undefined MOA that appears to be different than other established AEDs [89] . Preclinical data suggests carisbamate may protect against SE-induced neuronal damage [90] .
(2) New applications of established medications
Ketamine
Ketamine is an IV anesthetic for definitive seizure termination in SRSE that modulates GABA-A receptors and acts as a NMDA-receptor antagonist. Although there are no randomized controlled trials to support its use, there have been two case series and a number of case reports suggesting an overall success rate of up to 56% in RSE [59, 91, 92] . In these studies, a median of five AEDs were used prior to ketamine infusion [59] . The absence of cardiovascular depression with ketamine is appealing in patients receiving polytherapy; however, it may be associated with hypertension in a majority of cases [93] . In our experience, the addition of ketamine can allow for reductions in other anesthetic agents and avoidance of serious hypotensive episodes.
Inhaled anesthetics
Isoflurane and desflurane are inhaled halogenated anesthetics with reported use in SE. Its ability to rapidly terminate seizure activity and achieve EEG suppression through uncomplicated drug titration is suggested from previous case series [94, 95] ; however, its widespread use has been limited. Side effects may be common and lifethreatening, including severe hypotension and paralytic ileus, and machinery needed to administer the drug was not practical in most ICUs. The increasing availability of small self-contained vaporizers may result in new interest in this treatment modality. A recent case report suggests the efficacy of isoflurane in combination with mild hypothermia for SRSE [96] ; however, the safety of inhaled anesthetics requires further study in larger trials.
3) Additional treatments for SRSE
(1) Non-surgical treatments
Immunotherapy
Immunotherapy in SRSE, even in the absence of any identifiable immunologic disease, may be reasonable in select cases. Of continued research interest, cerebral inflammation is an important pathologic process in SE that exacerbates neuronal damage and contributes to epileptogenesis [97, 98] . Despite many cases of NORSE and SRSE remaining cryptogenic in etiology [14, 18] , immu- such as rituximab and cyclophosphamide [99] . Given the side effects associated with these medications, risks and benefits of therapy should be considered.
Ketogenic diet
A ketogenic diet (4:1 ratio of fat-to-carbohydrate and protein) has both anti-seizure and anti-inflammatory effects, making it an appealing adjunct to AEDs [99] . Although largely studied in the pediatric population, given promising results, it has been similarly applied to adults.
In a series of 10 patients with SRSE treated with ketogenic diet, nine patients achieved ketosis and SE termination in a median of 3 days [100] . A recent meta-analysis of 12 studies involving 270 patients with intractable epilepsy demonstrated a combined efficacy of 42%; however compliance was low [101] . Adequate ketosis is assessed through measuring urine and serum ketones. In our experience, involvement of dietary specialists is necessary to achieve and maintain ketogenesis in the ICU.
Hypothermia
Therapeutic hypothermia (TH) has long been an attractive treatment for brain injury, owing to a broad spectrum of activity that includes a reduction in inflammation, cerebral metabolic rate, oxidative stress, and cerebral edema. Early models of SE demonstrated anti-seizure and neuroprotective properties of TH [102, 103] ; however, until recently, there were only case reports to describe TH in human SRSE [99, 104] . There has since been one multicentered randomized clinical trial comparing TH (goal, 32°C to 34°C for 24 hours) to standard medical treatment [105] . In the study of 270 patients, the rate of progression to EEG-confirmed SE on the first day was lower in the TH group; however, there was no significant difference between groups in 90-day outcomes. Some neurointensivists believe the effect of TH to be short-lasting, and should be used with caution in light of numerous adverse effects associated with systemic cooling and unclear efficacy [104, 105] .
Electroconvulsive therapy
Electroconvulsive therapy is rarely used in the management of SRSE. This is a result of lacking data to support its use, limited availability in the ICU, and overall inexperience by most neurointensivists. A recent systemic review for electroconvulsive therapy for RSE identified 14
retrospective studies including a total of 19 patients. The review found seizure reduction in 57.9%, but highlighted the low quality of evidence in the current literature [106] .
(2) Role of surgical evaluation and treatment
Surgical evaluation
When AEDs fail to control SRSE, surgical evaluation should be considered. In patients with a known etiologic structural lesion, early neurosurgical consultation is recommended; however, in the absence of such lesions, work-up and surgical management is challenging. The optimal timing for surgery is unknown, but some authors have suggested evaluation is appropriate after 2 weeks of failed medical therapy [107] . Future study should further identify criteria to select patients most likely to benefit from surgical intervention. 
Electrical stimulation therapies
Vagal nerve stimulator placement has been described in the treatment of RSE in both children and adults. It is appealing for its widespread and tonic effect, while avoiding intracranial instrumentation. A recent systematic review identified 17 studies describing 28 patients, and found vagal nerve stimulator to be potentially effective in generalized RSE, but with poor response in focal RSE [113] . Deep brain stimulation and responsive neurostimulation may be the subject of future interest, but no recommendation for their use can be currently given.
Focal resection and subpial transection
In adults, focal resection and multiple subpial transections can be considered if a cortical target separated from eloquent brain regions is identified. It is the subject of a number of case reports [109] [110] [111] [112] , but the exact prevalence of these surgeries is unknown.
Future investigations of electrical stimulation and surgery for SRSE will require combined interest from neurointensivists, epileptologists, and neurosurgeons. Whether earlier surgical evaluation is effective in terminating SRSE and improving patient outcomes should be determined.
Monitoring and Management of Complications
Neurointensivists are responsible for considering the risks and benefits of any treatment. Expecting and managing complications is important in SRSE, where favorable outcomes are possible even after weeks-to-months of therapeutic coma, especially when no irreversible disease is found. A systemic review of RSE cases suggests longer SE duration is associated with worse outcomes; however, it is unknown if this is a result of the treatment itself, the underlying cause, or complications that arise with prolonged therapy [114] . Indirect adverse effects from prolonged sedation are cause of significant morbidity and mortality in SRSE.
Most concerning to neurointensivists, immunosuppression from anesthetic therapy increases the risk of nosocomial infection by 3-fold [115] . Prolonged immobility additionally increases susceptibility to venous thromboembolism, paralytic ileus and decubitus ulcer formation [49] . Rarely, if attention is not paid to the duration of cEEG monitoring, clinically significant scalp ulcerations can occur. An EEG 'vacation' should be considered after extended monitoring if no drug titration is expected and EEG findings are unlikely to change management.
Conclusions
SE and RSE are complex neurologic conditions. Although much has been learned from animal models, the pathophysiology of SRSE is still largely unknown. In a large proportion of cases, no underlying cause is found.
There are increasingly more drug options to treat SE, but rational polytherapy should consider the pharmacodynamics and kinetics of established and new antiepileptic drugs. When seizures cannot be controlled with conventional medical therapy, non-conventional treatments, including early surgical evaluation can be considered;
however, high-quality evidence for these strategies are lacking. Neurointensivists are challenged to reduce secondary brain injury by managing common complications.
Future research should aim to identify specific drug regiments that are most effective, and to select which patients will most benefit from alternate therapies.
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